Chitosan has a medical application because of its natural origin and properties of biodegradability, biocompatibility, nontoxicity, and antimicrobial capacity. Electrospinning produces non-woven nanofibers to wound dressing with high specific surface area and small pores. These properties are favorable for absorption of exudates and prevent the penetration of bacteria, thus promoting wound healing. For this reason, chitosan blends are used to produce nanofiber dressings, and the characterization of the structural, mechanical, and biological properties is very promising for further studies. Nowadays, the researchers are seeking for biomaterials that provide modern dressings with many qualities, which are designed to promote wound healing. In this chapter, the electrospinning parameters that affect the nanofiber properties based on chitosan to prepare wound dressings are highlighted.
Introduction
Chitin is a polymer composed of N-acetylglucosamine that has been recognized as one of the most abundant natural polysaccharides and has been found in crustaceans, fungi, and insects [1] . To improve its solubility in water, it is partially deacetylated and converted into chitosan, which is a linear polymer of glucosamine and N-acetylglucosamine [2] . Due to its properties, chitosan has many applications in food preservation, medicine, biotechnology, agriculture, and water treatment. Among the properties of interest in biomedicine are its biodegradability, biocompatibility, nontoxicity, and high antimicrobial activity [3] . Thus, chitosan preparations have repulsive forces, giving rise to the appearance of droplets in the collector and the incomplete formation of the fibers.
Surface tension and viscosity are parameters of the polymer solution that mainly affect the diameter of the fiber [10] . These authors agree with Sill and von Recum [11] , who mentioned that if the solution is very diluted the polymeric fiber will break into droplets before reaching the collector due to surface tension. When the solution is very concentrated does not complete the fiber formation is not obtained due to the high viscosity, which makes difficult the flow during injection.
The molecular weight of the polymer is another parameter that affects electrospinning. Low molecular mass polymers lead to bead formation, while high molecular weight polymers produce fibers with larger diameter [12] . Likewise, Cui et al. [24] found that to produce pectin nanofibers by electrospinning the molecular weight of the polymer should be in the range of 200-950 kDa.
Components and processing parameters of the electrospinning technique
Haider et al. [25] reported that the critical amount of applied voltage varies according to the polymer. Also, the formation of nanofibers with small diameters is due to the increase in the applied voltage, attributed to the stretching of the Taylor cone, and the formation of the jet (Figure 2) . However, the increase in the critical voltage value forms beads in the nanofibers, which is caused by the decrease in the size of the Taylor cone and an increase in the flow velocity.
One of the electrospinning parameters with greater influence on the mechanical properties is the type of collector. During the electrospinning process, the fibers are deposited in a lower potential electrode known as a rotating or static collector. Thus, the fibers can be guided through the electric field formed between the tip of the needle loaded with the polymer solution and the high voltage source [26] . 
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The collectors of the first electrospinning equipment lacked movement, but over time they have been modified in order to improve the alignment of the fibers and modify their surface. The use of rotating cylindrical collectors has helped in the alignment of the fibers. At the same Chitin-Chitosan -Myriad Functionalities in Science and Technologytime, Huang et al. [27] used a thin circular collector with a sharp edge and found that with this modification electric field is concentrated, favoring the alignment and collection of the fibers.
The collectors can be adjusted to various specifications from a stationary plate to a rotating cylinder. When a static collector is used, the fibers will have a random order, while aligned fibers will be generated with the rotary collector [11] .
Huang et al. [27] used collectors with movement to prepare gelatin hydrofibers. They confirmed that the use of rotating collectors of cylindrical shape with high speed orientates the nanofibers.
In addition, they reported that when the collector speed is lower than the alignment speed, the hydrofibers will have a random order, while high speed causes instability in the injection jet, affecting the surface morphology of the fibers.
In addition, the position of the collector influences the morphology of the fibrous materials.
Haider et al. [25] reported that the diameter increases at short distances between the needle and the collector, while the diameter decreases at long distances between the needle and the collector. Also, Sill and von Recum [11] explained that the distance between the needle and the collector affects the continuous and complete formation of the fibers. Small distances are not enough to achieve the evaporation of the solvent before being deposited in the collector, resulting in the formation of loose and weak fibers that tend to stick together and make it difficult to remove from the collector.
With the intention of providing greater guidance in continuous nanofibers, Dabirian et al. [28] incorporated two injection syringes with different charges and positioned in a triangular form with respect to the initial needle of the process. Both syringes are attracted to each other, and the nanofibers are twisted and collected continuously in the form of a yarn. Overview of Electrospinned Chitosan Nanofiber Composites for Wound Dressings http://dx.doi.org/10.5772/intechopen.76037 
Characteristics parameters of chitosan biopolymer
Chitosan is a linear polysaccharide consisting of N-acetyl-ᴅ-glucosamine (GlcNAc) and ᴅ-glucosamine (GlcN), which is produced by alkaline deacetylation of crustacean chitin [29] .
It is soluble in dilute acid solutions of acetic, lactic, malic, formic, or succinic acid. It is polycationic at pH 6 and easily interacts with negatively charged molecules such as proteins, fatty acids, anionic polysaccharides, bile acids, and phospholipids and, therefore, can be used as blended solutions [30] .
This polysaccharide has antibacterial, antifungal, mucoadhesive, analgesic, hemostatic, nontoxicity, biodegradable, and biocompatible activity (Figure 3 ) [31] . These biological properties have favored its topical application and implantation. Another recent medical application is controlled drug delivery systems [32] . Baldrick [33] reported the possible oral use of chitosan nanoparticles with drug carrier, as gel beads of chitosan can be degraded between 14 and 28 days after being implanted. Mansouri et al. [34] propose to chitosan as a candidate to be used in gene therapy due to its ability to bind and form complexes with DNA by the electrostatic attraction created.
Chitosan has been shown to be a nontoxic polymer, the reason why the Food and Drug Administration (FDA) has approved its use in wound dressings [35] . Likewise, in the clinical reports with chitosan-based biomaterials, inflammation or allergic reactions have not been
reported [2] . Waibel et al. [36] detailed the first study of chitosan as bandages in soldiers with shellfish allergy, where all soldiers tolerate the chitosan bandage without reaction.
A very important property is biodegradation, which can be chemical or enzymatic degradation. Chemical degradation refers to acid-catalyzed degradation, such as the gastric juices of the stomach. Likewise, chitosan can be degraded by enzymes, which are responsible for hydrolyzing the bonds between glucosamine-glucosamine, glucosamine-N-acetyl-glucosamine, and N-acetyl-glucosamine-N-acetyl-glucosamine [35] . In addition, the degradation rate of chitosan depends mainly on the molecular weight and the degree of deacetylation. However, the degradation of chitosan is not fully understood.
Ng et al. [37] reported a new emerging technology that can provide 3D nanostructures named bioprinting and highlighting for chitosan, due to its poor printability. They prepared a polyelectrolyte complex blending chitosan and gelatin. The hydrogels were customized and fabricated considering the wound size.
Due to its cationic properties, the chitin and its derivatives have demonstrated that are a potent elicitor in low concentrations. Thus can activate defense mechanisms against pathogen nematodes. Also, in plants can be used to control herbivorous insect and viral diseases [38] .
Biocompatibility according to Baldrick [33] is attributed to glucosamine, which is the most abundant component in chitosan and produced in the human body from glucose. Also, it is responsible for producing glycosaminoglycan which forms a cartilage tissue in the body.
Chitosan by its positive charge can bind to free fatty acids and bile salt from dietary lipid during the absorption in the gut.
The hemostatic and antimicrobial activity of chitosan is related to its polycationic nature. Therefore, it is involved in the agglutination of red cells that stimulates the formation of clots [39] . The antimicrobial activity is attributed to the electrostatic interactions between the polycationic structure of chitosan and the anionic components of the surface of microorganisms [40] .
Xia et al. [41] mentioned that chitosan has free amino groups which are able to neutralize gastric juices and form a protective barrier in the stomach. On this basis, they have proposed it as a safe material with biomedical applications in the treatment of peptic ulcers, for wound healing.
In the preparation of materials for wound healing, chitosan has been used to develop nanofibers by the electrospinning system [29] . Nevertheless, according to Pakravan et al. [19] , chitosan has limited electrospinnability, due to its polycationic nature in solution and rigid chemical structure. However, it is possible by blending with other polymers due to the formation of hydrogen bonds.
De Vrieze et al. [42] reported that a strong solvent such as concentrated acetic acid is necessary for chitosan electrospinning, and Geng et al. [3] demonstrated that the concentration of the solvent decreases the surface tension of the solution generating stable jet stream during electrospinning. Also, Kriegel et al. [43] reported that the increase in acetic acid concentration affects surface tension with the appearance of beads in chitosan/poly(ethylene oxide) nanofibers.
Myriad nanocomposites for wound dressings
The development of biocomposites from biodegradable polymers has attracted great interest due to their capacity to completely degrade and not produce toxic effects [44] . Also, the main challenge in science of biomaterials and tissue engineering is to create matrices either In biomedical area, they are interested in developing polymers as biomaterials, because more complex structures need to be achieved on the requirements for their different applications [45] .
According to the National Institute of Health (NIH), biomaterials are defined as "any substance (other than a drug) or combination of substances synthetic or natural in origin, which can be used for any period of time, as a whole or part of a system which treats, augments, or replaces tissue, organ, or function of the body " [46] .
Natural and synthetic polymeric nanofibers
In biomedicine, the natural polymeric nanofibers are polysaccharides, collagen, keratin, silk, tubulin, actin, cellulose, chitin [47] . Likewise, there is great variety polymers such as poly(lactic acid-co-glycolic acid) (PLGA), poly(lactic acid) (PLLA), polycaprolactone (PCL), poly(ethylene oxide), (PEO), and poly(vinyl alcohol) (PVA). All these have been used in wound dressings [7, 45] , as shown in Table 1 .
Wound dressing theory
Traditional dressings used on wound treatment were made from natural or synthetic materials. In the past, the main function of the dressings was to keep the wound dry through the evaporation of the exudates and to avoid the introduction of dangerous microorganisms to the wound [48] . However, over time this idea has been modified, according to Newman et al. [49] ; nowadays, an ideal wound dressing must have the objective of providing an optimum moisture, accelerate the healing process, absorb large amounts of exudates, and prevent tissue maceration around the wound, which would cause a second injury. Also, Caló and
Khutoryanskiy [50] reported that the dressings are designed with the purpose of maintaining a moist environment between the wound and the dressing, favoring the healing of wounds. The healing process is a dynamic process which allows a complex sequence of events, which include homeostasis, inflammation, proliferation, and remodeling [25] .
A wound is defined as a defect or a break in the skin resulting from trauma or medical/physiological conditions. Traditionally, wounds can be classified depending on the number of layers of skin and affected area. When only the epidermis is damaged, the wound is superficial. If, epidermis and deeper layers are affected, is named partial thickness. Moreover, when the subcutaneous fat and deeper tissue have been affected, the wound is named full thickness
On the other hand, Zahedi et al. [51] mentioned that the dressings can be classified from other aspects. Therefore, these authors classified them into three groups called passive, interactive, and bioactive dressings. Passive dressings are ordinarily used for common wound coverage such as cotton gauze. Interactive dressings are characterized for being transparent and permeable. Bioactive dressings have the advantage that requires long periods to be removed and are made from biopolymers such as collagen, chitosan, alginate, and elastin. In the Figure 4 are presented commercial dressing such as hydrocolloids, alginates, collagens and hydrofibers.
According to Newsom et al. [52] , hydrogels are effective for necrotic wounds because they hydrate wounds and reduce postoperative pain. However, they have disadvantages in wounds with large amounts of exudates and hemorrhages; that is why the use of alginates is recommended. Hydrocolloids promote a moist environment, autolytic tissue debridement, also as protection against microorganisms and are used in postoperative wounds. Hydrofibers are recognized for accelerating the wound healing process and improving the appearance of the final healing.
This wide variety of modern dressings has the advantage of creating an optimal environment that allows the proliferation of epithelial cells and improves the treatment of wounds [48] .
Properties of electrospinned chitosan nanofibers/composites for wound dressings
The properties of the dressings are optimized through the modification of the electrospinning parameters. Most studies mentioned that the composition of the polymer solution such as solvent, concentration, viscosity, and surface tension affects the morphological structure and mechanical properties of nanofibers [12] .
Superficial morphology
The structural morphology is visually evaluated with scanning electron microscopy (SEM), which also allows the measurement of the diameter of the nanofibers.
According to Bhardwaj and Kundu [8] , the viscosity of the polymer solution determines the size and surface morphology of the nanofibers. Also, Bhattarai et al. [53] indicated that electrical conductivity is a physical property that modifies the final diameter of nanofibers. Overview of Electrospinned Chitosan Nanofiber Composites for Wound Dressings http://dx.doi.org/10.5772/intechopen.76037
Haider et al. [54] mentioned that the changes in the surface of nanofibers are attributed to the parameters of electrospinning and concentration of the solution and solvent (trifluoroacetic acid). Haider et al. [25] mentioned that selection of the solvent is very important for the formation of fibers with smooth and bead-free surface formation, considering the solvent capacity to dissolve the polymer and moderate boiling temperature. Also, Geng et al. [3] mentioned that a higher concentration of acetic acid decreases the surface tension and increases the charge density of the jet, improving the morphology of the nanofiber.
Pakravan et al. [19] prepared chitosan nanofibers with poly(ethylene oxide) and found that chitosan solutions, due to the polycationic nature, are more conductive compared to poly(ethylene oxide). Specifically, poly(ethylene oxide) reduces the protonation of the chitosan and avoid the formation of hydrogen bonds between amino groups of chitosan and other groups. The diameters of the chitosan and poly(polyethylene) oxide nanofibers are in the range of 60 to 120 nm.
Similarly, Bhattarai et al. [53] worked with chitosan and poly(ethylene oxide). They reported cylindrical nanofibers with a diameter of 75 nm and mentioned that viscosity is the parameter that modifies the electrospinning and the morphology of the nanofiber. They also indicated that the viscosity is attributed to the interactions between the chains of both polymers.
Lu et al. [55] prepared nanofibers of poly(ethylene oxide) with a low concentration of sodium alginate, showing smooth surfaces with a diameter of 250 nm; this was achieved by increasing the viscosity and decreasing the electrical conductivity of the solutions. Likewise, Shalumon et al. [20] prepared sodium alginate nanofibers blended with poly(vinyl alcohol) adding zinc oxide nanoparticles. The nanoparticles increased the electrical conductivity improving the electrospinning process to produce 190-240 nm fibers with smooth and uniform surface. Table 2 shows the diameter of the nanofibers prepared by electrospinning with various polymers.
Porosity and pore distribution
The porosity of biomaterials such as nanofibers is advantageous for their application in wound healing, because they provide more structural space to enhance cell seeding, in addition to facilitating cell proliferation and migration [61] . It also improves oxygen exchange, nutrient delivery, and absorption of exudates. In addition, small pores in dressing nanofibers reduce wound infections and dehydration during the healing process [12] .
The porosity is analyzed with water vapor transmission rate (WVTR). Archana et al. [62] mentioned that an ideal dressing should maintain water loss from the skin at an adequate rate, between 2000 and 2500 g −2 day
, indicating that higher values dry wounds quickly and retard healing, finding that for a chitosan dressing with pectin and nanosized titanium diox- However, Ziabari et al. [63] mentioned that there is no specific literature to measure the size of the pores and their distribution along the fiber. The techniques currently used are indirect
and not very precise. Therefore, image analysis techniques are used, and these tools are more precise and direct. Coimbra et al. [64] used scanning electron microscopy (SEM) to observe the morphology of the chitosan/pectin wound dressing, which formed porous shapes from sheetlike to fibrous-like structures. Additionally, Ninan et al. [65] used micro computed tomography (micro-CT) in pectin/carboxymethylcellulose/microfibrillated cellulose dressings (15-280 μm) obtaining 3D images and the quantity of the number of pixels in the pore image. Kumar et al. [66] measured the porosity of the chitosan/pectin/calcium carbonate (CaCO 3 ) dressings based on the empty spaces present (41.8%) as a fraction of the total volume by liquid displacement method. Also, Liuyun et al. [67] used liquid displacement method to measure porosity (77.8%) and pore diameter, between 100 and 500 μm, in nanohydroxyapatite/chitosan/carboxymethylcellulose dressings. Besides, these authors reported the presence of interconnected pores that favor the administration of nutrients.
Recently, Sarhan et al. [68] reported the use of an automatic analyzer called mercury porosimetry to measure the size of the pores; however, it only measures sizes in the range of 0.0018-400 μm, finding that in chitosan nanofibers/honey/PVA the diameter of the pores is 140 μm.
Water absorption capacity
One of the properties of dressings is the ability to absorb exudates in the wound and provide a moist environment. However, it affects the efficiency of oxygen and nutrient transfer [62] .
According to Ninan et al. [65] , the swelling analysis and the water uptake provide information about the ability of the dressing to transport the nutrients inside the pores, in addition to avoiding dehydration of the wound. Choi et al. [69] mentioned that the hydrophilicity of chitosan is due to a modification in its structure, which improves its solubility in water at physiological pH. Archana et al. [62] evaluated the swelling of the dressings of chitosan/pectin and TiO 2 in phosphate-buffered sodium (PBS), finding the highest values (1215%) at pH 2.0 and the lowest (900%) at pH 7.0, due to the osmotic effect of the dressing due to the absence of ionized amino groups.
Polymeric solution Average diameter (nm) References
Liuyun et al. [67] reported the loss in weight, 30% in 30 days, by degradation of the dressings of chitosan/nanohydroxyapatite/carboxymethylcellulose, caused by intermolecular interaction between the components of the system and the microstructure, which favors the growth of the cells for the regeneration of the bone tissue.
Zarghami et al. [60] reported that cross-linking agents modify nanofibers and their swelling behavior. For chitosan nanofibers with poly(ethylene oxide) cross-linked with glutaraldehyde vapors, the swelling decreases from 300 to 75%, due to the aldimine bonds (─CH═N─) formed between the free amino groups of chitosan and the aldehydes of glutaraldehyde. This increases the diffusivity resistance of water and decreases its water absorption capacity.
Duan et al. [70] also used glutaraldehyde vapors as a cross-linking agent, causing a decrease in swelling from 328.7 to 146.2% and shrinkage of poly(lactide-co-glycolide)/chitosan/PVA dressings. Similarly, Chen et al. [71] used glutaraldehyde vapors to reduce the water solubility of chitosan nanofibers with collagen and poly(ethylene oxide).
Mechanical properties
The mechanical properties are evaluated through Young's modulus, tensile strength, and elongation at break by tensile tests with a universal mechanical testing machine [8] . Parameters such as the composition of the polymer solution, the interaction between its components, and the cross-linking agents affect the mechanical properties of fibrous materials during electrospinning [55] .
In some studies, it has been reported that obtaining nanofibers has great advantages for the development of medical prototypes, and the precise measurement of their mechanical properties is very important, especially in dressings which must be able to withstand the forces exerted by the growing tissue or during physiological and biomechanical activities [8] .
The composition of the mixture influences the mechanical behavior of the fiber. Chitosan is a fragile and rigid polymer, while poly(lactic acid) (PLA) is resistant; it is possible to blend it to form nanofibers, which show greater tensile strength at rupture with decreases in elongation at break.
Archana et al. [62] studied the chitosan and pectin blend with nanoparticles of titanium dioxide (TiO 2 ). They found that by increasing the pectin content and the presence of the nanoparticles, the resistance increases significantly compared to those with a lower proportion of pectin and without the presence of TiO 2 . Cui et al. [24] reported that pectin nanofibers with poly(ethylene oxide) (PEO) were rigid with values of Young's modulus (192.3 MPa) and tensile strength (14.6 MPa); this is attributed to the orientation of the polymer chains of pectin during electrospinning.
Cross-linking agents have been used with the intention of improving or adding properties; some of the most used cross-linking agents in electrospinning systems are glutaraldehyde vapors [60, 70, 71] and genipin [15] .
Shalumon et al. [20] proposed cross-linking agents with glutaraldehyde vapors because it has less or no toxic effect. Chen et al. [71] elaborated by electrospinning nanofibers of chitosan/collagen/poly(ethylene oxide) cross-linked with glutaraldehyde vapors reported Young's modulus increase from 0.29 to 0.65 MPa and the decrease in tensile stress and strain.
Nanofibers of poly(lactic-co-glycolic acid)/chitosan/PVA cross-linked with vapors of glutaraldehyde succeeded to increase the tensile strength up to 3.8 MPa and Young's modulus tension up to 106.2 MPa; this is due to the union between the components of the structure [70] .
Another cross-linking agent is genipin, which is extracted from the gardenia fruit (Gardenia jasminoides). This has been used in hydroxyapatite fibers with chitosan and was found to increase up to four to five times the stiffness with respect to non-cross-linked fibers [15] .
Antimicrobial prophylaxis
Microbiological assays are evaluated through the inhibition provided by a biomaterial in the presence of microorganisms [61] . Table 3 shows the microorganisms studied in microbiological assays with nanofibers. According to Heunis et al. [72] , Staphylococcus aureus is the most prevalent microorganism in skin infections.
Infections in wounds are common, because the microorganisms damage the injured tissues causing adverse reactions to the immune system such as inflammation and tissue damage, retarding the healing process [65] . The main pathogenic bacteria that set the wound healing process at risk are Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus pyogenes, some Proteus, Clostridium, and coliform species [48] .
Study Microorganism

Inhibitory effect References
Fabrication of PEO/chitosan/PCL/olive oil nanofibrous scaffolds for wound dressing applications
Escherichia coli, Staphylococcus aureus
Superior against E. coli [61] Evaluation of chitosan nano-dressing for wound healing: characterization, in vitro and in vivo studies
Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus subtilis, Aspergillus niger
Superior against B. subtilis
The effect of increasing honey concentration on the properties of the honey/poly(vinyl alcohol)/chitosan nanofibers
Staphylococcus aureus Escherichia coli
Enhanced against S. aureus and E. coli
Chitosan-/polyurethane-blended fiber sheets containing silver sulfadiazine for use as an antimicrobial wound dressing Table 3 . Antimicrobial assay that involves chitosan nanofibers.
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The antimicrobial activity of chitosan is of broad spectrum and has been shown to be effective against Gram-positive and Gram-negative bacteria and many filamentous fungi and yeasts [40] . According to Kumar et al. [75] , the cationic amino groups of chitosan have the ability to bind to the anionic groups of the microorganisms by inhibiting the presence of Escherichia coli, Fusarium, Alternaria, and Helminthosporium. Sarhan et al. [68] attributed this to the polycationic nature of chitosan, which allows it to interact with bacterial membranes that are negatively charged, favoring the loss of permeability, causing cell disruption and subsequently death.
The inhibitory effect in dressings is evaluated by several techniques. Au et al. [74] used the optical density technique in a chitosan/polylactic acid/silver nanofiber blend, mentioning that bacterial cells are opaque and when they propagate in solutions they become turbid; therefore, lower optical density indicates greater antibacterial activity.
Other authors used the bacterial disk inhibition method. Archana et al. [62] reported that in nanofiber dressings of chitosan/pectin/TiO 2 the antibacterial activity is excellent; in addition large surface areas facilitate microbial adsorption and accelerate the antimicrobial activity rate. Sarhan et al. [68] report efficiency against E. coli in nanofibers of chitosan and honey; the inhibitory effect due to the polycationic nature of chitosan is potentiated with honey due to its acidity, high sugar content, and hydrogen peroxide production capacity. Additionally, Zarghami et al. [60] found greater efficiency against E. coli, Gram-negative in nanofibers of chitosan with poly(ethylene oxide).
The use of metal nanoparticles had been shown to have high antimicrobial activity against bacteria, viruses, and other microorganisms [76] . Lee et al. [73] reported higher efficiency against S. aureus in chitosan/polyurethane nanofibers with silver sulfadiazine. Silver is known for its great antimicrobial properties and its use for pharmaceutical applications. Its antimicrobial activity is due to the interaction between silver particles with the bacterial cell, penetrating its wall and causing damage and cell death to components (DNA) [77] .
Cross-linked copolymers for electrospinned chitosan biocomposites/nanofibers
Poly(vinyl alcohol)
Poly(vinyl alcohol) (PVA) is a synthetic polymer soluble in water and with excellent chemical resistance. It is recognized mainly for its non-toxicity, biodegradability, and biocompatibility, and it is used in the biomedical area. Since the 1950s it has been commercialized for the formation of highly hydrophilic fibers [17] . It is known that PVA nanofibers dissolve instantaneously in water. That is the main reason why cross-linking is recommended. Destaye et al. [13] cross-linked PVA nanofibers with glutaraldehyde vapors and reported that the concentration of glutaraldehyde increases water retention capacity and the swelling of nanofibers improves their mechanical properties.
For biomedicine, the chitosan nanofibers with PVA have been elaborated by electrospinning because they are more favorable for cell culture compared with only PVA [17] . Recently, chitosan
Chitin-Chitosan -Myriad Functionalities in Science and Technologynanofibers blended with PVA are being studied as dressings for the treatment of diabetic foot ulcers. Ahmed et al. [30] demonstrated that nanosized pores protect damaged tissue from bacteria, while high porosity increases fluid absorption and promoting wound healing.
Sodium alginate
Sodium alginate is a nontoxic polysaccharide with applications in the food and pharmaceutical products. The natural sources are all species of brown seaweed. It is a water-soluble salt of alginic acid. It consists of two uronic acids, β-d-mannuronic acid (M) and α-l-guluronic acid (G), in β-(1-4) union. These acids form homopolymeric blocks M-M or G-G and blocks with an alternating sequence of M-G blocks [78] .
The alginate is used in medicine to prepare wound dressings, Tehrani et al. [79] . Fan et al. [80] reported that calcium alginate fibers interact with wound exudates forming a gel, resulting on ion exchange between fiber calcium and sodium ions from exudates. Furthermore, this polymer has been used for the treatment of different wounds due to its biocompatibility properties [81] .
Pure sodium alginate solutions cannot be processed by electrospinning because of their high viscosity. But it is possible using organic solvents or with water-soluble synthetic polymer blend such as poly(vinyl alcohol) (PVA) and poly(ethylene oxide) [82] . Islam et al. [16] reported that blend of sodium alginate with PVA can be processed by electrospinning and forms ultrafine nanofibers with uniform surface.
Yu et al. [83] elaborated wound dressings with chitosan/alginate/collagen and hydroxyapatite with potential application in bone tissue engineering due to a suitable structure for cell development. Similarly, Jeong et al. [84] from a polyelectrolyte blend with chitosan/PEO obtained nanofibers for wound dressings, demonstrating their cell promotion and potential use as a dressing.
Carboxymethylcellulose
Carboxymethylcellulose is a semisynthetic natural polymer obtained by carboxymethylation of cellulose with properties such as biocompatibility, low toxicity, and low degradation rate [85] . Likewise, Ninan et al. [65] attribute their water solubility to their composition from the β-(1 → 4) glucopyranose residues. Its use in biomedicine as a biocompatible material has been proven [86] . Besides, Chen and Fan [87] studied their efficiency in clinical studies with humans and animals, finding that postoperative damages such as abdominal adhesions are reduced.
Chitosan blends with carboxymethylcellulose are possible because it is an anionic polymer with similar structure to chitosan allowing strong ionic cross-linking between them [67] .
Fouda et al. [56] elaborated antimicrobial dressings for biological use from chitosan and carboxymethylcellulose blend with silver nanoparticles. Also, Ninan et al. [65] prepared wound dressings from a mixture of pectin, carboxymethylcellulose, and microfibrillated cellulose for skin wound treatment.
Collagen
Collagen is one of the proteins of the extracellular matrix more abundant in mammals. It is recognized for being reabsorbable with excellent biocompatibility and the ability to promote tissue regeneration [83] . The extracellular matrices in tissues are nanofiber structures that act as wound dressing to attach cells in the tissue, control tissue structure, and regulate the cell phenotype [88] .
The main challenge for tissue engineering dressings is to design and create biodegradable matrices that can mimic the composition and structure of extracellular matrices [89] . Crosslinking and blending with biomolecules or synthetic materials have been used to improve the stability of collagen dressings [83] . According to Chen et al. [87] , collagen is widely used as a biomaterial in the medical and pharmaceutical field. Collagen and chitosan are blended mimic the components of the extracellular matrix. Chen et al. [90] mentioned that electrospinning using a suitable solvent such as the mixture of 1,1,1,3,3,3 hexafluoro-2-propanol with trifluoroacetic acid to make dressings with application in tissue engineering is possible. Also, Yin et al. [91] used these solvents in electrospinning of collagen/chitosan/poly(l-lactide-co-ε-caprolactone) blend to produce dressings with application in vascular graft.
In vivo and in vitro assays
In vivo and in vitro assays evaluate the response of a biomaterial in experimental models or simulations. Biodegradable biomaterials have the characteristic of being completely degraded by the body's enzymes when the support is no longer necessary [55] . Table 4 shows the different in vitro and in vivo tests performed with biomaterials. Archana et al. [62] indicated that the dressings of chitosan/pectin/TiO 2 induce 1.14% of hemolysis of erythrocytes; for that reason they are highly hemocompatible when accepting values up to 5%.
Gautam et al. [92] reported high proliferation, adhesion, and cell morphology in polycaprolactone/elastin/chitosan dressings. This is due to the synergistic effect between the carboxyl group of polycaprolactone, gelatin amino group, and hydroxyl group of chitosan. In addition, in vitro degradation was almost complete after 8 weeks.
Likewise, Kumar et al. [75] in chitosan/pectin/calcium carbonate nanofibers reported that the dressings are biodegradable, because the pectin-chitin matrix gradually degraded up to 60% in 21 days.
Duan et al. [70] reported high cellular viability, because the poly(lactic acid-co-glycolic acid)/ chitosan/PVA nanofibers promote attachment and proliferation of fibroblasts; in addition their morphology changed from round to elongated with little cellular activity. Likewise, Coimbra et al. [64] reported cellular growth and proliferation with a typical cellular form of pectin/ chitosan dressings, thus demonstrating their biocompatibility and non-toxicity. On the other hand, Mendes et al. [93] evaluated the cellular metabolism and integrity of the membrane in fibroblasts in chitosan/phospholipid nanofibers by reporting biocompatible dressings.
In vivo assays with animal experimental models on chitosan/PVA nanofibers reported cases of completely healed wounds. This has been attributed to protection of the injured tissue against bacteria that can infect damaged scar tissue by the pores of dressing; in addition the process of fluid absorption and healing was increased after 10 days [14] . Archana et al. [62] achieved wound closure after 16 days with chitosan/pectin/TiO 2 dressings, which were adhered, did not dissolve upon contact with the wound, and had easy removal.
Conclusion
Many technological advances continue to exploit the properties offered by polymeric materials as biocomposites. One of the more innovative advances is electrospinning. This technique is simple, low cost, and effective for the development of nanofibers. These polymeric nanocomposites are used as biomaterials for the preparation of dressings. The surface properties of the nanofibers show the influence of the electrospinning parameters, from their diameter, pore size, porosity, ability to absorb the liquids of the wounds, and their ability to allow gas exchange in the wound, while the mechanical properties are influenced by the composition of the polymer solution. All this provides information about the ability of dressings to adapt to wounds and their ease to manipulate. In addition, it is well known that blending polymers to produce biocomposites is an effective method to improve the performance of materials.
Chitosan is a polycationic polymer widely studied because it has biological properties that make it a good candidate to be used for wound dressings. Thus, the microbiological assays show the capacity of the chitosan dressings against the main microorganisms present in the skin and wounds, demonstrating their efficiency. In vitro tests, through the simulation of wound conditions, reveal their behavior in the body. In contrast, in vivo tests expose the response of the dressing in animal experimental models. However, clinical study reports in human models are required to learn the precise behavior of the biomaterial and their response in the wound.
This chapter exhaustively reviews the literature that discusses the preparation of chitosan dressings by electrospinning and its blending with other polymers, as well as the biological properties that determine its potential medical use in the healing of cutaneous wounds.
